The effects were investigated of the glutamic acid (Glu) substrate concentration on the generation and kinetics of -aminobutyric acid (GABA) in soybeans treated under high hydrostatic pressure (HHP; 200 MPa for 10 min at 25 C). The conversion of Glu to GABA decreased with increasing initial Glu concentration in the soybeans. The crude glutamate decarboxylase (GAD) obtained from the HHP-treated soybeans showed substrate inhibition. The GABA production rate in the HHPtreated soybeans fitted the following substrate inhibition kinetic equation:
The soybean is a highly nutritious plant resource that has commercial value as a raw food material for processing into various soy products. One of the attractive components of soybeans is -aminobutyric acid (GABA) which is primarily produced by thedecarboxylation of L-glutamic acid (Glu) and is catalyzed by glutamate decarboxylase (GAD).
1) GABA functions in lowering high blood pressure and alleviating pain and anxiety.
2) GABA therefore offers great potential as a bioactive component in foods, and the development of a high level of GABA in foodstuffs has been investigated. [3] [4] [5] However, the accumulation of GABA by applying high hydrostatic pressure (HHP) has hardly been reported. 6, 7) HHP is an alternative food-processing method that helps to retain both the flavor and nutrition after processing. However, HHP used in the production of food products leads to physicochemical changes. [8] [9] [10] [11] HHP significantly modifies the higher-order structure of proteins and other macromolecules by affecting those bonds that are non-covalent. Regarding the relationship between protein denaturation and pressure, many enzymes are deactivated at pressures greater than 600 MPa. 12) However, some researchers have reported that certain enzymes were deactivated at a pressure of 200 MPa or less and that other enzymes remained active even after treating by HHP at 700 MPa. [13] [14] [15] If the endogenous enzymes remain active after the pressure treatment, then the enzymatic reactions occurring in HHP-treated foodstuffs with improved mass transfer would lead to changes in the concentrations of certain components.
The effect of HHP on the functional properties of vegetables has been investigated. [16] [17] [18] [19] We have previously shown that a 200 MPa HHP treatment applied to onions can increase the level of the functional compound, quercetin, resulting in increased antioxidative activity. 20) We have also found that HHP-treated turnip roots (Brassica rapa) turn a green-blue color during 7 d of storage. 21) Since these alterations were caused by HHP-induced enzymatic reactions in the agricultural products, the ability to control such HHP-induced enzymatic reactions for certain components would be desirable.
The precursors of targetted components have been enriched to increase the speed of bioproduction of certain components, [22] [23] [24] and precursor feeding is an effective tool for improving the accumulation of target compounds. Although the HHP-induced changes in compound levels result from random enzymatic reactions, controlling these enzymatic reactions to induce a large accumulation of target compounds has hardly been reported for HHP-treated foodstuffs. 25) The generation of free amino acids in water-soaked and HHP-treated soybean seeds has been previously investigated, 26) and when compared with untreated Glu-soaked soybeans, the HHP-treated Glu-soaked (0.05 g/mL of Glu) soybeans had a higher GABA concentration, suggesting that y To whom correspondence should be addressed. Fax: +81-22-717-8946; E-mail: shigeakiu@hotmail.com both proteolysis and specific Glu metabolism were accelerated by HHP. However, both the effect of the substrate concentration on the enzymatic reaction activity and the generation behavior of GABA in HHP-treated soybeans remain unclear.
We focused this present study on the GAD enzymatic reaction. We treated water-soaked and Glu-soaked soybean seeds by HHP and investigated the effects of the HHP treatment on the bioconversion of Glu to GABA in respect of the substrate concentration dependence on GABA generation and kinetics. We examined the HHP-induced change in the free amino acid distribution in HHP-treated soybean seeds with precursor soaking (a Glu concentration of 0, 0.01, 0.03, 0.05, 0.08, 0.1, or 0.5 g/mL) by using the reaction kinetics for GABA generation.
Materials and Methods
Materials. Soybean (Glycine max L.) seeds were purchased at a local supermarket in Niigata, Japan. Pyridoxal 5 0 -phosphate (PLP) and phenylmethylsulfonylfluoride (PMSF) were purchased from Nacalai Tesque (Kyoto, Japan). The EZ:faast free amino acid analysis kit was purchased from Phenomenex (Torrance, CA, USA), dabsyl chloride was purchased from Pierce (Rockford, IL, USA), and bovine serum albumin as a standard was purchased from Sigma (St. Louis, MO, USA). Ultrapure water was obtained by using a Simplicity UV system (Millipore, Belford, MA, USA) and was used for the hydraulic fluid and solvents tested in this study. Standard amino acids, sodium hydrogen L (þ) glutamate monohydrate, 2-mercaptoethanol, EDTA, sodium azide and all other reagents were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Preparation of the soybean seeds. The soybean seeds and soaking solution were vacuum-packed together in a polyethylene pouch (Eikenkagaku, Tokyo, Japan), using a TM vacuum sealer (Furukawa Seisakujo, Tokyo, Japan). The soaking solution contained sodium hydrogen L (þ)-glutamate monohydrate in a concentration of 0, 0.01, 0.03, 0.05, 0.08, 0.1, or 0.5 g/mL. Sodium azide (0.2%, w/v) was added to prevent microbial growth. The samples were allowed to incubate and swell at 25 C for 22 h.
Treatment by high hydrostatic pressure and storage. Approximately 20 g of soybean seeds that had been stored in the vacuum-packed pouches were soaked in ultrapure water (used as the hydraulic fluid) in the stainless steel vessel of a high hydrostatic pressure device with a maximum pressure of 686 MPa (WIP, Kobe Steel, Kobe, Japan, or HR-7-BS, Hikari Kouatsu, Hiroshima, Japan). Some research groups have reported that HHP over 200 MPa produced important structural changes in soy proteins; 27, 28) that soy protein in water could be influenced by HHP at 300 MPa; 27) and that soy protein in an NaCl solution was more denatured at 600 MPa than without salt. 29) We therefore evaluated the proteins after treating at 200 MPa to minimize any conformational changes.
The pressure in the sample vessel was adjusted to apply 200 MPa to the samples for 10 min at 25 C; the pressure increase rate was 3.0 to 3.7 MPa/s, and decompression was completed within 40 s. After the HHP treatment, the seeds were washed with ultrapure water, wiped with a paper towel, vacuum-packed in polyethylene pouches, and stored for 3 d at 25 C.
Determination of the free amino acid concentrations. The free amino acid concentrations (mmol/g of soybean w.b.) after storage were determined by using a gas chromatography-flame ionization detector (GC-FID). The procedure used with the EZ:faast free amino acids analysis kit has been previously described. 30, 31) After incubation, the soybean seeds were ground with ultrapure water in a mortar and centrifuged at 20;400 g for 3 min at 4 C. The free amino acids in the supernatant were processed by solid-phase extraction and then subjected to a rapid derivation reaction conducted in the aqueous phase at room temperature. The amino acid sample derivative was then applied to GC-FID by using the capillary column from the EZ:faast kit.
The free amino acids were quantified by the peak area recorded in the chromatograms. Although the GC-FID analysis in this study could not distinguish between GABA and serine (Ser), we could show that the major component of the GABA and Ser peak was attributable to GABA by using electro-spray ionization mass spectrometry (CE-ESI-MS/MS). 25) Using free amino acid samples that had been diluted to within the appropriate range, the value for GABA/Ser was determined according to the result from the free amino acid analysis kit, using an absolute standard curve that was constructed with a GABA concentration range up to 4 mg/mL.
The Glu concentration measured at day 0 was determined as the initial value and was applied to the kinetic analysis.
Preparation of the crude GAD extract. 32, 33) All the extraction and purification steps for GAD preparation were carried out at 4 C. Both 1 mM PLP and 1 mM PMSF were added to the buffer to stabilize GAD and prevent proteolytic degradation. The extraction of crude GAD was carried out in triplicate.
A 100-g amount of soybeans HHP-treated at 200 MPa for 10 min was homogenized in 500 mL of a 50 mM sodium phosphate buffer (pH 5.6) containing 2 mM -mercaptoethanol, 2 mM EDTA, 1 mM PLP and 1 mM PMSF. The homogenized soybeans were centrifuged at 9;180 g for 10 min, and then the supernatant was collected. The supernatant of the homogenized soybeans was precipitated by slowly adding sodium ammonium sulfate ((NH 4 ) 2 KO 4 ) to 30% (v/v) saturation. After 20 min, the pellet was discarded by centrifugation at 6;500 g for 10 min. The resulting supernatant was precipitated by slowly adding sodium ammonium sulfate ((NH 4 ) 2 KO 4 ) to 50% (v/v) saturation, and then a pellet was obtained after centrifugation at 9;180 g for 20 min. This pellet was dissolved in a 50 mM phosphate buffer (pH 5.6), and the resulting solution was dialyzed for 24 h with a Spectra/Por 3 dialysis membrane (3,500 MWCO; Spectrum Laboratories, Rancho Dominguez, CA, USA) in the sodium phosphate buffer. The sodium phosphate buffer was changed three times during this dialysis.
The dialyzed solution was loaded into a Fast-flow column of DEAE Sepharose (GE Healthcare, Uppsala, Sweden) that had been preequilibrated with the 50 mM sodium phosphate buffer. The fractions were eluted by increasing the concentration of NaCl from 0 to 1.4 M at a flow rate of 1.0 mL/min. The 100 resulting fractions were obtained DEAE separation, the absorbance at 280 nm of each fraction being measured for estimating the protein concentration. The fractions with the higher absorbance values were applied for GAD activity screening.
A 50-mL amount of each fraction was added to 200 mL of a 20 mM Glu solution with 0.2 mM PLP, and the substrate (Glu) and the enzyme (crude GAD fraction) reacted at 40 C for 10 min. The obtained mixture was centrifuged at 15;000 g for 15 min with an ultrafiltration unit (Amicon ultra 0.5 mL, 10 K, Millipore, USA). The filtrate was analyzed for the GABA concentration as the GAD activity.
Assay of the GAD activity. The three fractions showing the highest GAD activity were collected and centrifuged for condensation at 15;000 g for 15 min with ultrafiltration. The concentrated fractions were recovered after centrifugation at 1;000 g for 2 min. The crude GAD obtained was applied to a further assay of the GAD activity.
A 50-mL amount of the GAD solution diluted with a 50 mM sodium phosphate buffer (pH 5.6) and 250 mL of a Glu solution (2, 5, 10, 20, 30, 40, 50 , 100, 200, or 400 mM) as a substrate and 0.2 mM PLP were mixed together and then incubated at 40 C for up to 60 min (incubation time: 0, 2, 5, 10, 30, and 60 min). After this incubation, the reaction was terminated at 90 C for 5 min, and the reaction mixture placed in an ice bath. The resulting suspension was subjected to ultrafiltration at 15;000 g for 15 min.
The filtrate was mixed with 50 mM sodium hydrogen carbonate (pH 9.0) and 4-(dimethylamino) azobenzene-4 0 -sulfonyl chloride (dabsyl chloride) in acetone. The reaction mixture was heated at 67 C for 10 min, and then the dabsylized reaction mixture was placed in an ice bath to stop the reaction. Sodium hydrogen carbonate and dabsyl chloride (1 mg/mL) were freshly prepared and dissolved in acetone before dabsylating each sample. The GABA and Glu concentrations were measured by HPLC.
34)
The HPLC system consisted of a 2487 UV-VIS detector at 425 nm (Waters, Milford, MA, USA), PU2080 solvent delivery pump (Jasco, Tokyo, Japan), LG2080-02 gradient unit (Jasco, Tokyo, Japan), G980-50 degasser (Jasco, Tokyo, Japan), and CO-2067 column oven at 30 C (Jasco, Tokyo, Japan). A CAPCELL PAK C18 reversed-phase ODS column (4:6 mm I.D. Â 150 mm; Shiseido, Tokyo, Japan) was used. The composition of mobile phase A was 30/70 of acetonitrile/0.045 M CH 3 COONa (pH 4.0), and of mobile phase B was 75/25 of acetonitrile/0.045 M CH 3 COONa (pH 4.0). The gradient elution profile was as follows: 0-15 min, 100% of mobile phase A; 15-20 min, linear gradient change to 75% of mobile phase A; 20-40 min, kept at 75% of mobile phase A; 40-50 min, linear gradient change to 0% of mobile phase A; 50-60 min, kept at 0% of mobile phase A; 60-65 min, linear gradient change to 100% of mobile phase A. 34) Fifty microliters of each dabsylized sample was injected into the chromatographic column. Free amino acids were quantified by the absorbance recorded on the chromatograms relative to the external standards.
The protein content of crude GAD was also determined by the Bradford method, using bovine serum albumin as the standard. The specific GAD activity in this study is defined as the release of 1 mmol of GABA produced from Glu per min per mg of the enzyme at 40 C (mmol of GABA/mg of protein/min).
Statistical analysis. The experimental design involved two processes (untreated and HHP) Â four storage days (0, 1, 2 and 3) in triplicate. An analysis of variance (ANOVA) was performed by Kaleida Graph version 3.1 (Hulinks, Tokyo, Japan). Significant differences were analyzed by Dunnett's test at a significance level of p < 0:05.
Results and Discussion
Distribution of free amino acids in the HHP-treated Glu-soaked soybeans
The typical distributions of free amino acids in the untreated and HHP-treated and Glu-soaked (0.08 g/mL of Glu) soybeans during 3 d of storage are shown in Fig. 1 . The Ala, Gly, Val, Leu, Ile, Thr, Pro, Asp, Met, Hyp, Lys, His, Tyr, cysteine (C-C), GABA/Ser, Cys, Gln and Glu free amino acids were detected in the soybean seeds, whereas Phe and hydroxylysine were not detected. The Glu concentration in each sample varied from 20 to 39 mmol/g (data not shown). Among the free amino acids that were detected immediately after the HHP treatment (0 d), the concentrations of Ala, Pro, Asp, C-C, and Gln in the HHP-treated soybean seeds were higher than those found in the untreated soybean seeds. During storage, the concentrations of Ala, Leu and Pro in the untreated soybeans significantly increased (p < 0:05), and the concentrations of Ala, Gly, Leu and GABA in the HHP-treated soybeans significantly increased (p < 0:05). After 2 d of storage, the concentrations of Ala, Gly, Leu, Pro, Asp, Hyp, His, Tyr, C-C, GABA, and Gln in the HHP-treated soybean seeds were higher than those found in the untreated samples. Similar to our previous study using a soaking Glu concentration of 0.05 g/mL, 26) the concentrations of free amino acids (particularly Ala, Gly and GABA) in the Glu-soaked (0.08 g/mL of Glu) soybeans were increased by the HHP treatment.
Evaluation of the effect of HHP on the distribution of free amino acids in Glu-soaked (0.08 g/mL) soybeans during storage
The soybean samples were stored for 3 d, and the free amino acid concentrations in the untreated and HHPtreated Glu-soaked soybeans were measured by using GC-FID. To evaluate the effect of the HHP treatment on the distribution of free amino acids, we applied scatter plots of the concentration values following the HHP treatment (vertical axis) versus the values without the HHP treatment (horizontal axis). A point having the concentration of a certain free amino acid in the untreated and HHP-treated soybeans was apparent.
Based on the data for the free amino acid concentrations in the Glu-soaked (0.08 g/mL of Glu) soybeans shown in Fig. 1 , the scatter plots of the free amino acids in the untreated and HHP-treated soybeans during the storage period are shown in Fig. 2 . The concentrations in the HHP-treated soybeans increased during 3 d of storage, with values exceeding 1.0 for the slope of the scatter plot.
The concentrations of certain free amino acids (Val and Asp) in the HHP-treated soybeans were higher than those in the untreated soybeans at 0 d (Fig. 2) . However, the plots of the HHP-treated Glu-soaked (0.01-0.5 g/mL of Glu) soybeans were with a slope of approximately 1.0 immediately after the HHP treatment (0 d), showing isotropy between untreated and HHP-treated soybeans. These results indicate that the distribution of the free amino acids in the HHP-treated soybeans with precursor feeding (0.01-0.5 g/mL of Glu) was not affected by HHP immediately after the treatment. Specifically, the HHP treatment for ten minutes without storage did not increase the concentrations of free amino acids in the soybean seeds. Therefore, the amino acid metabolism and proteolysis may not have been accelerated by ten minutes of HHP treatment without storage.
Production of GABA in the HHP-treated Glu-soaked soybeans
To analyze the effect of HHP on GABA production in the water-soaked and Glu-soaked soybeans, the time- course characteristics of GABA produced in the untreated and HHP-treated soybeans were determined (Fig. 3) . In addition to the results obtained in this study, the results from our previous study for the water-soaked and Glu-soaked (0.05 g/mL) soybeans are cited. 26) The concentration of GABA produced in the untreated water-soaked soybeans varied from 0.89 to 1.7 mmol/g (Fig. 3A) , while the GABA concentration in the HHP-treated water-soaked soybeans varied from 1.1 to 2.3 mmol/g (Fig. 3A) . The Glu concentration in the untreated and HHP-treated soybeans at 0 d increased with increasing Glu concentration in the soaking solution: Glu concentrations of 0.01-0.5 g/mL in the soaking solution led to soybean Glu concentrations of 3.0-120 mmol/g in the untreated soybeans and to 2.3-93 mmol/g in the HHP-treated soybeans (data not shown). The Glu concentrations in both samples decreased with increasing storage period. In contrast, . The data for 0 (A) and 0.05 g/mL (C) are cited from our previous study. 26) the concentrations of GABA increased under all test conditions (0.01-0.1 g/mL) during storage (p < 0:05), with the exception of the 0.5 g/mL concentration. The maximum GABA concentration in this study was 6.8 mmol/g in the HHP-treated Glu-soaked (0.08 g/mL of Glu) soybeans (Fig. 1B) , and the maximum GABA concentration in the untreated Glu-soaked (0.5 g/mL of Glu) soybeans was 5.5 mmol/g.
The effects of the initial Glu concentration on the concentrations of GABA produced in the untreated and HHP-treated soybeans are shown in Fig. 4 . The concentrations of GABA produced were estimated from the average concentrations during 3 d of storage. The concentration of GABA in the soybeans increased with increasing initial Glu concentration, and the effect of the HHP treatment on the concentration of the GABA produced was not significant.
The concentrations of GABA produced in the untreated and HHP-treated Glu-soaked (0.01 g/mL of Glu) soybeans reached a plateau after 1 d of storage (Fig. 3B) , the linearity of the slope following this plateau state implying that the rate-limiting step changed from a biochemical reaction-limiting process to a mass transferlimiting process. Since the Glu substrate was rapidly converted to GABA at the early stage of storage, resulting in a shortage of the substrate, the concentration of GABA produced and the conversion of GABA reached a plateau.
Regarding the bioconversion of precursors in the HHP-treated materials, the Glu conversion was estimated from the average molar concentration of GABA during storage versus the initial Glu concentration, which was the molar concentration of Glu in the soybean seeds immediately after the HHP treatment at a storage time of 0 d, as follows:
The effects of the initial Glu concentration on the Glu conversion in the untreated and HHP-treated soybean seeds are shown in Fig. 5 . The conversion of Glu to GABA in the HHP-treated soybeans showed similar values to the untreated soybeans at the same initial Glu concentration. The conversion decreased with increasing initial Glu concentration and, similar to the time-course characteristics for the GABA concentration during storage, the conversion reached a plateau at the end of storage (data not shown). The rate-limiting step during the plateau therefore mainly resulted a mass transferlimiting process in which the Glu molecules were transferred to the cytosol of soybean cotyledons. These results also indicate that the GABA production in soybeans resulted from a combination of the GABAproducing reaction-limiting process (biochemical reaction-limiting) and Glu transfer-limiting process (mass transfer-limiting).
GABA production rate in the HHP-treated Glusoaked soybeans
The GABA concentration and initial Glu concentration in the soybeans varied with the Glu concentration of the soaking solution. The results are shown in Fig. 6 . During storage, the bioconversion of Glu to GABA and GABA metabolism must occur simultaneously. The apparent GABA production exceeded the GABA metabolism in the HHP-treated soybeans from 0 to 2 d. Therefore, plots of the time-course characteristics for the GABA concentration in the untreated and HHP-treated soybeans (Fig. 3) enabled the initial GABA production rate to be estimated from the slope of 0 to 2 d of storage. The initial GABA production rate in the HHP-treated soybeans showed a bell-shaped curve in relation to the initial Glu concentration (Glu concentration at 0 d), while the initial GABA production rate in the untreated samples did not show an apparent peak value (Fig. 6 ).
GAD activity test
Crude GAD obtained from the HHP-treated soybeans was applied to the GAD activity test with the results shown in Fig. 7 . The plot of GAD activity against Glu concentration showed a bell-shaped curve, indicating similar behavior to that of the HHP-treated soybean (Fig. 6) . The GAD activity increased with increasing Glu concentration in the Glu concentration range from 1 to 20 mM. The maximum GAD activity was at the Glu concentration of 20 mM, and then decreased with increasing Glu concentration above 30 mM. The crude GAD activity therefore depended on the Glu concentration, indicating substrate inhibition. The maximum GABA production rate, which was regarded as the GAD activity shown in the HHP-treated soybean, was at a Glu concentration of 16 mmol/g. This value of Glu concentration was evaluated to be equal to 25 mmol/L. The optimum substrate concentration for GABA production therefore seemed to be the same for both the HHPtreated soybean and the extracted crude GAD. A report on GAD from the germinated soybean embryo under hypoxia has shown that the GAD activity reached the maximum at a Glu concentration of 9 mM, and then decreased with increasing Glu concentration, implying the substrate inhibition of GAD. 35) GAD from cowpea has show significant substrate inhibition at a high glutamate level.
36)
Kinetic analysis of GABA production in the HHPtreated soybeans and crude GAD Crude GAD obtained from HHP-treated soybeans showed substrate inhibition; we therefore applied the substrate-inhibition kinetics of crude GAD.
We applied the following kinetic equation for substrate inhibition to analyze the kinetics:
where v 0 is the initial GABA production rate, K m and K i are kinetic constants, S 0 is the initial Glu concentration in the substrate solution for crude GAD, and V max is the maximum GABA production rate. The kinetic parameters of crude GAD obtained from the HHP-treated soybean were then estimated ( Table 1 ). The value for K i , the inhibition constant, shows the substrate concentration required to produce half the maximum inhibition. K m and K i for crude GAD were 2600 mmol/L and 0.11 mmol/L, respectively. Crude GAD obtained from HHP-treated soybeans obeyed the substrate inhibition model, so the GABA production rate in soybeans was also fitted by the kinetic model for substrate inhibition, where S 0 in the equation was the initial Glu concentration measured immediately after the HHP treatment (Fig. 6) . The values for K m , K i and V max in soybeans were estimated from these curves ( Table 1 ). The value of K m for the HHP-treated soybeans (2900 mmol/g; evaluated to be equal to 4500 mmol/L) was significantly higher than the value of K m for the untreated soybeans (0.98 mmol/g; evaluated to be equal to 1.5 mmol/L). The value of K i for the HHP-treated soybeans (0.045 mmol/g; evaluated to be equal to 0.070 mmol/L) was significantly less than that for the untreated soybeans (100 mmol/g; evaluated to be equal to 160 mmol/L), whereas the value of V max for the HHP-treated soybeans (1400 mmol/g/d; evaluated to be equal to 3:1 Â 10 À2 mmol/mg of protein/min) was significantly higher than that for the untreated soybeans (0.73 mmol/g/d; evaluated to be equal to 1:6 Â 10 À5 mmol/mg of protein/min). The values of K m show the affinity of Glu and GAD, and thus the HHP-treated soybeans had a lower affinity than the untreated soybeans in this study.
The kinetics for GABA production in the HHPtreated soybeans had similar values to those for crude GAD, showing the GAD activity as the amount of extracted GAD. The HHP-treated soybeans showed the same inhibition level as crude GAD. If the cell membranes had been damaged, GAD in the cytosol could be widely spread inside the soybean cells, enabled the HHP-treated soybeans to act as crude GAD itself. GAD in the untreated soybeans would maintain the Glu transporter on the membrane, thus maintaining the Glu concentration in the untreated soybeans even after Glu soaking.
The results indicating a bell-shaped curve for the HHP-treated soybeans and no apparent peaks in the untreated samples are similar to those that have been found for brown rice. 25) The initial GABA production rate in the untreated soybeans was not affected by an The initial GABA production rate was calculated from the slope of the GABA concentration time-course characteristics during 2 d of storage. The substrate inhibition kinetic model from Equation (1) was applied for each sample.
initial Glu concentration greater than 3.0 mmol/g. The initial GABA production rate in the HHP-treated soybeans reached 2.7 mmol/g/d, with an initial Glu concentration of 16 mmol/g (0.05 g/mL of Glu soaking solution). These values are lower than those found for brown rice, in which the initial GABA production rate reached 3.5 mmol/g/d with an initial Glu concentration of 23 mmol/g (0.05 g/mL of Glu soaking solution). 25) The effect of the HHP treatment on GABA production in both soybean and brown rice is similar, even though the internal structures of these materials are significantly different, especially regarding the distribution of enzymes.
The GABA production rates in the HHP-treated and untreated brown rice in our previous study 25) were also fitted by the substrate inhibition model. The value of K m for the HHP-treated brown rice (440 mmol/g) was significantly higher than that for the untreated brown rice (69 mmol/g). The value of K i for the HHP-treated brown rice (0.62 mmol/g) was significantly less than that for the untreated brown rice (23 mmol/g). The value of V max for the HHP-treated brown rice (170 mmol/g/d) was significantly higher than that for the untreated brown rice (6.6 mmol/g/d).
In respect of the untreated brown rice (K m ¼ 69 mmol/g; evaluated to be equal to 76 mmol/L), 25) K m values of 27 mmol/L 33) and 32 mmol/L 32) have been reported when using purified GAD from rice bran. The K m kinetic constant for the untreated soybeans in this study (0.98 mmol/g; evaluated to be equal to 1.5 mmol/L) is less than the values reported for other plants, including barley germ (3.1 mmol/L), 37) cowpea (3.2 mmol/L), 36) potato (5.6 mmol/L), 38) and squash (8.3 mmol/L). 39) This value for the untreated soybeans is also less than those of GAD from E. coli (2.0 mmol/L) 40) and a rat brain (7.5 mmol/L). 41) In contrast, kinetic constant K m for the HHP-treated soybeans was 2900 mmol/g (evaluated to be equal to 4500 mmol/L), which is significantly higher than the values for GAD in other plants without HHP. HHP-treated soybeans therefore showed less affinity between Glu and GAD than the other plants.
With respect to GABA production in a batch system, the GABA production rate using Lactobacillus plantarum fermentation of a grape must beverage was 0.17 mM/h (4.1 mmol/mL/d).
42) GABA accumulation in the rice germ when using a protease and batch system has been reported to reach approximately 220 mmol/g of rice germ. The GABA concentration in a fed-batch system using Lactobacillus brevis under controlled pH has been shown to reach 1.0 mmol/mL. 43) These reports involved the fermentation of surplus foodstuffs and broth. When soybean seeds were used as a reactor in this study, the GABA production reaction with endogenous GAD in the soybean must have served as a batch system. Similar to reported batch or fed-batch systems, we suggest that controlling pH and optimizing GABA production will result in greater GABA accumulation in HHP-treated soybean seeds and brown rice grains. GABA-enriched soybeans and brown rice can also be directly used as food, so that HHP-treated samples that do not require further processing can serve as functional foods.
The high level of GABA production by HHP could have resulted from the combination of several phenomena. The first possibility for the high GABA production rate in HHP-treated soybeans could have resulted from the HHP effect on the specific membrane proteins. HHPtreated soybeans showed similar values for the kinetic parameters as those for the extracted GAD. It is likely to have been due to the intercellular structure of the HHP-treated soybeans being partially damaged, such that GAD in the HHP-treated soybeans behaved as GAD itself without regulating the biosynthesis. However, the untreated soybeans maintained an intact structure such as that for the membrane transporters that transported Glu which would have led to different kinetics from those for the HHP-treated soybeans. GAD from soybean has been proved to have a calmoduline-binding domain at the C-terminus, and is stimulated by Ca 2þ / calmoduline. 5) HHP could have caused structural changes to the Ca 2þ channel proteins and/or the Glu transporters.
The second possibility could have resulted from the HHP effect on the diffusion of Glu as a precursor of GABA. If GAD were localized in a specific organelle such as the vacuole for storage protein, HHP-induced structural destruction would have led to GAD diffusion inside the soybean cotyledons which would have accelerated the encounter between Glu and GAD in the HHP-treated soybeans. However, GAD is a cytosolic enzyme, 44) and it has been suggested that stress-induced GABA synthesis is the result of cytosolic acidosis and the consequent stimulation of GAD. 45) Glu diffusion inside soybean cells would be promoted in respect of the enzymatic reaction. Therefore, one possible explanation for the higher GABA production rate in the HHP-treated soybeans with Glu feeding is that there may not have been a Glu concentration gradient around GAD, because of HHP-related damage to the membrane system which may have led to the diffusion of Glu between the internal and external regions. The rate of encounter between GAD and Glu may have been accelerated, and the GABA production increased, despite the weak affinity between GAD and Glu. Since the GABA production rate in the HHP-treated soybeans showed a dependence on the initial Glu concentration, HHPtreated food products with precursor feeding have strong potential for increasing the concentration of target components.
Conclusion
Using HHP and precursor feeding, the effects of the Glu substrate concentration on the generation of GABA and its kinetics were investigated in HHP-treated soybeans. We found that both HHP and precursor feeding enabled a large accumulation of the target compound during storage. The kinetic parameters for the affinity between Glu and GAD indicate that the HHPtreated soybeans had lower affinity than the untreated soybeans; however, the maximum GABA production rate was higher in the HHP-treated soybeans. The combination of HHP with precursor feeding is a novel tool for increasing the level of a target component. These physicochemical changes in HHP-treated foods may provide insight into a new technique for functional food processing.
